Abstract: CDC traps were used to determine the maximum radius of carbon dioxide attraction within forest habitat (a forest plant community with Carpino betuli-Quercetum roburis). A central CDC trap with dry ice (CO2) was set as the source of attractant (Ck). Around Ck trap two circles (A and B) of CDC traps without attractants were placed. Circle A was constituted of 6 CDC traps and Circles B with 12 CDC traps. Radius from Circle A and B to the Ck trap were used to determine CO2 maximum range. During the experiment, the average emissions of CO2 were 0.08 to 0.1 g s −1 . Regarding the data, optimal radius attraction where CO2 was affected on mosquitoes was between 55 and 70 m from the source. Results propose that the distance between traps should be greater than 140 m, to ensure the absence of bias by each of the traps. Changes in CO2 maximum concentration and wind velocity directly affected the catch of different species. The number of Ochlerotatus sticticus collected was positively correlated with wind speed.
Introduction
Carbon dioxide, a major component of exhaled breath, can increase the probability of take-off and the duration of mosquito flight (Eiras & Jepson 1991; Geier et al. 1996; Gillies 1980) . The relative importance of host stimuli and the range over which they act on mosquitoes have been much debated (Gillies 1980; Mboera & Takken 1997; Takken & Knols 1999) . Carbon dioxide-baited mosquito traps are important tools used extensively in monitoring mosquito populations (Rueda et al. 2001) . Female mosquitoes are generally thought to respond to small changes in CO 2 concentration by flying upwind, and use optomotor anemotaxis to orientate to the source of the host odour (Cooperband & Cardé 2006) . Mosquito behavioural responses can vary with plume structure and odour (Dekker et al. 2005) . The orientation of insects towards attractive odour sources depends upon both the temporal and spatial distribution of odorants downwind from the source. During downwind transport, however, the filament becomes increasingly disrupted and diluted due to turbulence in the air. This results in a highly intermittent signal whose temporal and structural characteristics vary with distance from the source (Murlis & Jones 1981; Murlis 1997) . For instance, Aedes aegypti appear to be several orders of magnitude more sensitive to dilutions of human-emitted levels of CO 2 than to dilutions of skin odours, as reflected in activation, orientation and source finding (Dekker et al. 2005) .
Odour molecules, carried away from their source by the wind, form plumes that vary in structure on several scales. At a very small scale, Brownian motion causes molecules to move apart gradually. At a larger scale, eddies of various sizes cause turbulence that mixes the odour in the clean air, resulting in pockets of high concentration, or filaments, of odour molecules that are interspersed with pockets of clean air. Such high concentration filaments become less frequent with increasing distance from the source, mainly due to turbulent mixing. Eddies are formed due to normal meteorological events such as uneven heating by the sun or wind passing by objects. As the size of the odour source is increased, the greater the turbulent eddies that are formed in its wake. If the object releasing the odour is small, around 1 cm or less, it does not generate eddies and the resulting plume will be ribbon-like until molecular diffusion occurs (Murlis et al. 1992; Cooperband & Cardé 2006) .
Several studies have suggested that many biting insects, including tsetse (Vale 1977) , horseflies (Phelps & Vale 1976 ) and mosquitoes (Gillies 1980) can detect host odours up to 90 m downwind of the source. However, it is not clear whether these long-range responses are at least partly elicited by host-derived CO 2 . Many studies have found that the effective range of synthetic plumes containing host-equivalent doses of CO 2 is less than that produced by whole natural odour (Gillies 1980; Vale 1980) . These results have contributed to suggestions that CO 2 is not effective at long range, perhaps because the host signal is obscured by the background noise of atmospheric CO 2 (Gillies & Wilkes 1970; Torr 1990 ). Thus, important questions regarding the range and role of CO 2 in host location remain largely unanswered. Many studies have compared mosquito traps baited with CO 2 extensively under field conditions to determine relative trap efficacy (Cummings & Meyer 1999; Mboera et al. 2000; Reisen et al. 2000; Burkett et al. 2001) . The aim of this study was to determine the maximum radius of CO 2 and its impact on mosquito populations. The data obtained from this study will provide a better understanding of mosquito orientation in response to a plume of CO 2 emitted by traps.
Material and methods

Study site
The study was conducted in a forest in eastern Croatia with a plant community comprised of Carpino betuli and Quercetum roburis (45
• 41 37 N, 18
• 49 25 E). The most common species in the tree layer were oak (Quercus robur) and hornbeam (Carpinus betulus). The shrub layer was poorly developed, predominantly consisting of hawthorn (Crataegus sp.), maple (Acer campestre) and wild pear (Pyrus piraster).
Experimental design
Adult mosquitoes were collected using Centers for Disease Control (CDC) traps, powered with 6 V 4A h batteries and put into vegetation about 1.5 m above the ground. The trap is a modification of the New Jersey Light Trap (Service 1976) .
The design of the experiment is shown in Fig. 1 . CDC traps were placed at two Circles (A and B) with a different distances radius from the centre. In the centre, a CDC trap baited with dry ice (Ck) was positioned. Circle A consisted of six traps, where the distance between the traps was the same. Circle B consisted of twelve traps at a distance two times larger than the distance between the Circle A and the Ck trap; also the distance between the traps was the same. Furthermore, two additional traps were placed as a control. Both traps were placed in the same plant community as Ck trap and traps in Circle A and B. The distance between two control traps and other set traps was approximately 500 m to avoid interference. Control traps differed, since the first control trap contained the same amount of attractants as Ck trap, while the other control trap did not contain attractants. In intervals of 24 hours period of eight days, the average number of captured mosquitoes was determined, mosquito nets were changed and a same quantity of attractant was brought equalling the amount used the previous day. Number of captured mosquitoes determined the expansion of the radius between the Ck and Circles A and B. Mosquitoes were frozen in order to be identified and count. Identification and nomenclature followed that of Gutshevich et al. (1976) , Schaffner et al. (2001) and Becker et al. (2003) .
The experiment was conducted in a way that the attractant was placed in the Ck trap in the middle of circles A and B. The distance between the Ck trap and traps in Circles A or B was increased if the average number of mosquitoes caught at Circle A was higher than at Circle B. Therefore, for the first 24 and 48 hours of the study, the distance between Ck trap and Circle A was 25 m and from Circle B it was 50 m. On the third day, the distances were increased, so the distance between Ck trap and Circle A was 35 m and from Circle B was 70 m. After 96 hours, the radius at Circle A was 45 m and 90 m for Circle B. After seven days, radius reached their maximum, with Circle A at 55 m and Circle B at 110 m. Bait The CO2 was released from a 9 kg block of dry ice. The CO2 container was placed beside the Ck trap near the air intake. The trap was operated for 24 h. Thereafter, the attractant was weighted. The attractant was always replaced with the same amount of fresh attractant in the Ck trap.
Meteorological measurements
During the experiment, meteorological conditions (temperature, humidity, air pressure, wind direction and speed) were measured. Meteorological conditions were measured three times daily (7 am, 2 pm and 9 pm) by remote data loggers placed in the experimental field.
Data analysis
All statistical analyses were performed with R statistical software (R Development Core Team 2010). Differences between traps were tested using ANOVA with the Bonfferoni post-hoc test. For imaging of trap density, we used the linear interpolation procedure of the Akima software package (Akima et al. 2009 ).
Results
During the experiment, 92,586 mosquitoes were captured, comprising twelve different species, with Aedes vexans and Ochlerotatus sticticus as the dominant species. Other species (Aedes rossicus, Ochlerotatus caspius, Anopheles hyrcanus, Coquillettidia richiardii, Anopheles claviger, Culex modestus, Anopheles messeae, Anopheles plumbeus, Culex pipens and Aedes cinereus) were present at 0.61% of the total species (Table 1) . The species ratios were not the same over time. Oc. sticticus was the most abundant collected mosquito, during the four consecutive days, but not in the samples of fifth and sixth day. During these days, the species Ae. vexans was more prevalent. At the end of the experiment, the species Oc. sticticus again had the largest ratio of collected specimens. At three radius (25/50; 35/70; 55/110 m) the total ratio of caught Oc. sticticus was significantly higher (0.74, 0.58, 0.53) than the ratio of Ae. vexans (0.24, 0.41, 0.47). At the radius 45/90 m, the ratio of the species Oc. sticticus (0.35) decreased, while the ratio of the species Ae. vexans (0.65) increased. For other species (Oc. caspius, An. messeae and An. plumbeus) the ratio was 0.03, which was the lowest ratio of the experiment for that species. (Table 1) .
The amount of dry ice that sublimed was measured every 24 hours. The average sublimation rate was 8162.5 g per day, although this varied by day. The greatest amount of dry ice (8700 g) consumed during the experiment was on the fifth and seventh days, and the smallest amount was released on the sixth day (8200 g). Consumption of dry ice ranged from 7700 g to 8700 g over 24 hours, which is equal to average CO 2 emissions of 0.08 g s −1 to 0.1 g s −1 . The average values of the meteorological conditions were: temperature 20.61
• C, humidity 58.14%, air pressure 1009.14 hPa and wind speed 2.75 m s −1 . The prevailing wind was from the west.
As illustrated in Figure 2 , the number of mosquitoes caught by traps in Circles A, B and Ck trap decreased with enlarged radii. The mosquitoes ratio caught at traps in Circle A decreased linearly with a 10 m increase in radius. At a radius of 45 m from Ck trap, ratio of the caught mosquitoes increased, but rapidly decreased at a radius of 55 m. Wind speed changes had direct impact on caught mosquitoes at the different radius. The ratio of mosquitoes caught at Circle B linearly decreased with the change of radius comparing to Ck (Fig. 2) . At a radius of 90 m from Ck trap the density of caught mosquitoes were significant. By increasing this radius by only 20 m (110 m) with a significant increase in wind speed, the density of caught mosquitoes at this radius was decreased, as expected, which indicated that a radius of 110 m from the source of CO 2 was not attractive for mosquitoes. Regarding the data, optimal radius attraction where CO 2 affected mosquitoes was between 55 and 70 m from the source.
In order to confirm the effect of wind speed on the dispersion pattern of CO 2, a correlation was made between the total catch of two dominant species in traps in Circle A and B, for each day, with different radius from Ck trap. The total catch of two dominant species was consisted of all mosquitoes caught in traps in a different Circle (A and B) per day. As illustrated in Figure 3 , the number of mosquitoes caught at Circle B was directly dependent on wind speed. Therefore, number of caught mosquitoes at Circle A was inversely proportional to wind speed. During the fifth and sixth day, wind speed was 1.5 m s −1 , which explained the increased number of mosquitoes caught at traps in Circle A, and decreased number at traps in Circle B. During the seventh and eighth days, the velocity of the wind increased and directly affected the number of caught mosquitoes at Circle A (a decrease), while the number of mosquitoes caught at Circle B increased. At the beginning of the experiment, number of caught Oc. sticticus was significantly higher than of Ae. vexans mosquitoes. At the end of the experiment, specimens of Ae. vexans dominated. At short distances (25/50; 35/70) from Ck trap to traps in Circles A and B, the ratio of caught Oc. sticticus was significantly higher than of Ae. vexans in Ck trap. In- The areal models of catch densities (Fig. 4) showed measurable changes in the patterns caused by the radius changes of Circles A and B. The wind speed and direction had an important influence on catch density patterns. Namely, the results showed a higher density of caught mosquitoes in the direction towards the wind. Wind speed reduction, at radius 35/70 m, showed equal distribution of mosquitoes around the Ck trap. The radius B exceeded the range of CO 2 trap impact placed in the middle on the experimental site. However, the density of caught mosquitoes in 45/90 m was influenced by adults that were reinfesting the experimental site from outside of the study area. At radius of 55/110 m with lower wind speed, the density of caught mosquitoes in Circle A was higher than in Circle B (Fig. 4) .
Discussion
During this research, the species Ae. vexans was caught in large numbers, which indicated that there was a possibility of migration from one area to another as a result of host seeking, which indicated a negative correlation between wind speed and the number of specimens of Ae. vexans. The different flight distances of Ae. vexans and Oc. sticticus explained why there were more specimens of Ae vexans detected in the traps on the first day of sampling. Our data agree with the general observation that the daily number of mosquitoes caught by a CDC trap baited with dry ice varied from day to day (Becker et al. 1995) . The fact that CO 2 is the only attractant that increases capture rates of many mosquito species in the field (Mboera & Takken 1997) , and the fact that CO 2 -sensitive cells exhibit a similar sensitivity across various species (Grant & O'Connell 1996) , suggests that CO 2 is key in the host orientation of most mosquito species. We assume that different ratios between Ae. vexans and Oc. sticticus species were caused by the behavioural sensitivity to CO 2 and the innate olfactory sensitivity for certain odours. Although mosquitoes may respond to highly diluted filaments of CO 2 , other environmental factors, such as the constancy of wind direction, atmospheric stability and habitat (Brady et al. 1990; Murlis et al. 1992) , may limit the range over which a CO 2 plume can be followed to a potential host. Following this, our study shows that the sensitivity and the range of attraction of CO 2 may be greater than assumed. Different ratios of caught mosquitoes species (Ae. vexans and Oc. sticticus) directly indicated a maximum expansion range of CO 2 in the natural environment. The mosquitoes CO 2 -sensitive neurones have response properties suitable for the CO 2 -modified behaviour of female mosquitoes. They have an apparent threshold of about 0.015-0.03%, which is similar to the normal concentration of CO 2 in air, 0.02-0.04% (Clements 1999) .
The sublimation rate of dry ice changes as a function of quantity and ambient temperature. For example, at 27
• C, the sublimation rate from 1 kg of dry ice decreased to 0.4 litres/min over a simulated 12-h trapping period (Pfuntner et al. 1988) . Study performed in a primary forest, indicated that the daily range of CO 2 concentration was 0.030-0.042% (at elevation 10-47 m), while at ground level ranged between 0.04-0.06% (Richards 1996) . Based on the average consumption of dry ice (8162.5 g), the concentration of CO 2 increased in the study area from 0.08 to 0.1 g s −1 and influenced on number of caught mosquitoes at greater radius (Circle B). Increasing the environment concentration of CO 2 by 0.01%, mosquitoes response increase from 2 to 4-fold.
However, because a flying insect is not stationary relative to the air, the flux of odour molecules measured by the sensory receptors will vary depending on the direction and speed of flight with respect to the air currents, even at a constant wind velocity and stimulus concentration (Elkinton & Cardé 1984; Kaissling & Kramer 1990) . Our results showed that wind speed had more influence on CO 2 dispersion than the amount of dry ice. The course and form of an odour plume are determined by the wind, and are particularly affected by its speed and direction variability. However, realize of attractant can not explain the range of propagation of attractant, which would mean that the mosquitoes at greater distances detect a larger amount of attractants. Our research showed that the wind speed and direction was most important for a better distribution of CO 2 under field conditions. Although the wind speed was very important, there were also some limitations. Snow (1980) showed that a mosquito catches decrease in winds speed higher than 120 cm s −1 , which was approximate their flight speed. Our data showed that amounts of CO 2 fluctuate according to different wind speed, which indicated that, at larger distances, the amount of CO 2 was smaller at lower wind speeds, and increases at higher wind speeds.
Our research showed that wind speed and direction largely influenced mosquito orientation towards the source of attractants. When the wind speed was lower, the density of caught mosquitoes was higher in the Ck trap, but the density was not equally represented in a radius. The total catch of mosquitoes was not linearly correlated with changes in radius distance, but a correlation was found between Ck trap, Circles A and B in this research.
Fluctuations in CO 2 levels could be detected at distances up to 64 m (the maximum distance sampled). Moreover, filaments of odour can be transported many metres downwind without appreciable dilution (Murlis et al. 1992) . If the number of caught mosquitoes in the Ck trap and traps in Circes A and B were correlated with the wind, the number of captured species decreases with increasing radius distance between them. Correlation with the wind is clearly expressed by the data for Circles A. Thus, the amount of caught mosquitoes at Circles A was reduced with increased of wind speed, while the number of caught mosquitoes was less at Circles B, due to the reduction of CO 2 . Our study showed that radius between 55 and 70 m from the source of attractant was the maximum distance radius of CO 2 impact.
According to this, the distance between traps should be minimally 2 × 70 m to prevent interference between traps. This is particularly important in experiments which are based on the use of two or more traps to collect all mosquitoes in same area. Recent studies show that the smallest distance between two traps can be ≥ 30 m (Ritchie et al. 2008) , but many authors believe that this distance should not be less than 50 m (von den Hurk et al. 2006; Jansen et al. 2009 ). Our results propose that the distance between traps should be greater than 2 × 70 m, to ensure the absence of bias by each of the traps.
For all mosquito species, it is common to fly in all directions when the wind speed is below 1 m/s and downwind when the wind speed reaches approximately 2 m s −1 . The species Oc. sticticus showed a positive correlation with wind speed, and this species were more sensitive to fluctuations in the amount of CO 2 in the environment. Gillies & Wilkes (1981) found that mosquitoes orientated to single baits from similar distances. Our data indicated that the species Oc. sticticus could detect a certain amount of CO 2 at longer distances if the wind brought amount of attractant to mosquitoes, while for the species Ae. vexans this amount of attractants could be detected without help from the wind.
